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A series of rare earth 4-hydroxycinnamate compounds including Ce(4OHCin)3, La(4OHCin)3, and Pr(4OHCin)3 has been syn-
thesized and evaluated as novel inhibitors for carbon dioxide corrosion of steel in CO2-saturated sodium chloride solutions.
Electrochemical measurements and surface analysis have shown that these REM(4OHCin)3 compounds effectively inhibited CO2
corrosion by forming protective inhibiting deposits that shut down the active electrochemical corrosion sites on the steel surface.
Inhibition efficiency was found to increase in the order Ce(4OHCin)3 < La(4OHCin)3 < Pr(4OHCin)3 and with increase in in-
hibitor concentration up to 0.63 mM. Detailed insights into corrosion inhibition mechanism of these compounds in carbon dioxide
environment are also provided.
© 2014 The Electrochemical Society. [DOI: 10.1149/2.0231412jes] All rights reserved.
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Electrochemical corrosion of steel in carbon dioxide (CO2) con-
taining aqueous media is a serious problem that occurs in major in-
dustrial infrastructure such as carbon capture, transmission and se-
questration facilities1,2 and oil and gas wells and pipelines,3 where
steel is the most widely used material. Carbon dioxide can exist as
a solid, liquid, vapor or supercritical fluid phase, with the condensed
phase being the simplest to transport in pipelines. In the oil and gas
production, CO2 is a naturally-occurring component associated with
the water phase3 and may even be intentionally added as part of sec-
ondary enhanced oil-recovery processes. In the presence of free water,
CO2 can cause severe corrosion problems, commonly referred to as
CO2 corrosion.4 In aqueous environments, CO2 dissolves and forms
carbonic acid (H2CO3), leading to various forms of steel corrosion.
It is well known that a CO2-containing solution is significantly more
corrosive than normal weak acid solutions, and that, at a given pH,
more corrosion of steel is caused by an aqueous CO2-containing so-
lution than by hydrochloric acid.4,5 Corrosion inhibition is currently
the most widely used method for corrosion control in the oil and gas
production industry. Significant progress has been achieved over the
past two decades in understanding this phenomenon,6–9 however a
comprehensive understanding of the behaviours and mechanisms of
important CO2 corrosion inhibitors is often lacking.10
The first generation of oil well corrosion inhibitors was based
on inorganic molecules such as sodium arsenite, ferrocyanide and
sodium metavanadate.11,12 Inorganic inhibitors are usually passivators
that combat corrosion by improving the protective ability of corro-
sion scales. However, more recently, organic inhibitors have replaced
these inorganic compounds because of their lower toxicity.13 Organic
CO2 corrosion inhibitors are normally nitrogenous in nature, and in-
clude amides, imidazolines, nitrogen quaternaries and nitrogen het-
erocyclics. The onium cations with positive nitrogen derived from
nitrogen-based organic surfactants, such as imidazoline amides, im-
idazoline amido amines, and their salts, have also been successfully
used.14–20 Imidazolines have good adsorption characteristics, forming
a surface film that reduces CO2 corrosion. These compounds act as
mixed inhibitors, presumably by some sort of synergistic adsorption
onto the both anodic and cathodic sites of metal surface.21–23 However,
imidazoline and its derivatives have sometimes been found to aggra-
vate localized corrosion, leading to extensive anodic dissolution.24
Over the past few decades the primary improvements in inhibitor
technology have been limited to the refinement of formulations and
the development of improved methods for applying inhibitors; there
have been very few discoveries of new CO2 corrosion inhibitors. In re-
cent years, the increasing need for environmentally friendly inhibitors
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and to suppress localized corrosion have been driving forces behind
advances in corrosion inhibition technology. There is still a need to
develop improved inhibitor systems, not only for combating CO2 cor-
rosion in existing areas, but also to mitigate corrosion within new
application, such as in CO2 capture, transmission and storage of CO2.
Various new approaches to designing efficient, environmentally
friendly inhibitors have been reported in the literature.25–29 One ap-
proach is to synthesize rare earth metal (REM) compounds with
synergistic combinations of organic inhibitor molecules (rare earth
organics).25–32 It has been shown that by combining a rare earth metal
with an organic ligand (such as a carboxylate) to create a multifunc-
tional inhibitor that combines the inhibitive properties of the two
components, with inhibition capability superior to that of either of the
individual components at the same concentration is often observed.25
Blin et al.25 showed some years ago that substituted rare earth or-
ganics, in particular lanthanum 4-hydroxycinnamate (La(4OHCin)3),
led to an enhancement in corrosion mitigation in oxygen-containing
solutions. They also showed that some rare earth inhibitor complexes
that formed on the steel coupons would react with absorbed CO2 and
be converted into carbonate species. On the other hand, an important
feature of rare earth 4-hydroxycinnamates was that the inhibiting films
remained stable over time, indicating that these protective films are
inert to CO2. Therefore, it is suggested that these compounds might
be suitable to combat CO2 corrosion of steel.
More recently Seter et al.26 studied the speciation of rare earth or-
ganics in solution as a function of pH and concentration and showed
the corrosion inhibition properties of La(4OHCin)3 for AS1020 in
0.01 M NaCl solutions over a range of pHs. This compound was a
powerful inhibitor when the pH was between 5 and 8, but was less
efficient in highly acidic pH conditions. To date, these compounds
were only considered in solutions exposed to the atmosphere, where
oxygen reduction (O2 + 2H2O + 4e− → 4OH−) was the predominant
cathodic reaction. Fluids in oil and gas pipelines are generally oxygen-
free, CO2-containing aqueous solutions with pH values ranging from
4 to 6,33 depending upon the compositions of the gas and the solu-
tion. Furthermore, according to De Waard, Milliams and Schmitt,4,34
the cathodic hydrogen evolution in CO2 corrosion proceeds in a ‘cat-
alytic’ manner by direct reduction of undissociated adsorbed carbonic
acid, leading to the strong corrosivity of carbonic acid. It is therefore
not obvious that REM-based inhibitors will be effective under these
conditions, and thus the present work seeks to expand our understand-
ing of the behavior of a number of REM-organic compounds as CO2
corrosion inhibitors.
To effectively study the physical and chemical nature of the com-
plex phenomenon of corrosion inhibition in a CO2 corrosion en-
vironment, a combination of electrochemical and surface analyti-
cal techniques has been employed. These include potentiodynamic
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polarization (PD), electrochemical impedance spectroscopy (EIS),
scanning electron microscopy/energy-dispersive X-ray spectroscopy
(SEM/EDX), X-ray photoelectron spectroscopy (XPS), and ATR
Fourier transform infrared spectroscopy (ATR-FTIR). The influ-
ence of the REM has also been determined via comparison of
Ce(4OHCin)3, La(4OHCin)3 and Pr(4OHCin)3 compounds.
Experimental
Chemicals and materials.— The reagents used in this work in-
clude: trans 4-hydroxycinnamic acid, praseodymium chloride, lan-
thanum chloride, cerium chloride, reagent grade sodium chloride
(all purchased from Sigma Aldrich, ≥ 99% pure and used without
further purification) and distilled water. Cerium 4-hydroxycinnamate
(Ce(4OHCin)3), lanthanum 4-hydroxycinnamate (La(4OHCin)3) and
praseodymium 4-hydroxycinnamate (Pr(4OHCin)3) were synthesized
and used as corrosion inhibitors in this study. The details of the syn-
thesis and characterization can be found in a previous publication.35
Ce(4OHCin)3, La(4OHCin)3 and Pr(4OHCin)3 were added into 0.01
M NaCl solution to obtain final inhibitor concentrations of 0.00, 0.02,
0.16, and 0.63 mM.
A cylindrical steel rod (12 mm diameter) was used to make the
working electrodes for the electrochemical tests and also steel coupons
(2 mm thick) used for immersion tests. The sides of the steel work-
ing electrodes were coated with an epoxy resin, and the electrode
was secured within a Teflon holder. The exposed face of the working
electrodes and the surface of the coupons were finished by grinding
with 4000-grit silicon carbide paper. The steel compositions (nomi-
nally purchased as AS1020) was checked by Optical Emission Spec-
troscopy and found to be: 0.21% C, 0.19% Si, 0.47% Mn, 0.01% S,
0.01% P, 0.06% Ni, 0.17% Cr, 0.03% Mo, 0.11% Cu, < 0.01% V,
< 0.01% Nb, < 0.01% Ti, and Fe balance.
Electrochemical measurements.— Electrochemical corrosion
measurements were carried out in 0.01 M NaCl solutions at room
temperature (approximately 25◦C). Before the CO2 corrosion tests,
CO2 gas was bubbled through the NaCl solutions for 1 h to ensure
the solution was saturated with CO2. Carbon dioxide gas bubbling
was continued during the whole testing period and the solution
pH remained 4. Before EIS and polarization measurements were
undertaken, steel electrodes were kept in the solutions for 1 h to
stabilize the open-circuit potential. The steel working electrode
had an active area of 1.13 cm2. A large surface area titanium
mesh counter electrode and a silver/silver chloride (Ag/AgCl,
saturated chloride concentration was used) reference electrode were
used. Electrochemical tests were conducted using a VSP system
(BioLogic Scientific Instruments). EIS was performed at OCP with a
peak-to-peak amplitude of the sinusoidal perturbation of 10 mV and
a frequency range from 10 kHz to 10 mHz. Tests were conducted
every 1 h over a period of 20 h. Potentiodynamic polarization tests
were carried out after 20 hours of immersion, once all EIS tests
were completed. In the potentiodynamic tests, the potential of the
electrodes was swept at a rate of 0.166 mV/s from an initial potential
of –250 mV (vs. corrosion potential (Ecorr)) to a selected anodic
potential.
Surface analysis.— Several surface analytical techniques were
used to investigate the relationship between the electrochemical be-
havior and surface properties. The corrosion test specimens were ex-
amined by SEM/EDX, after immersion for 20 h in CO2-saturated
0.01 M NaCl, using a SEM Supra 55 VP. Corrosion products on the
specimen surfaces after 20 h at the open-circuit potential were also ex-
amined by X-ray photoelectron spectroscopy (AES-XPS ESCA2000).
Attenuated total reflectance Fourier transform infrared spectroscopy
(Alpha-FTIR spectrometer) was also used to investigate the chemical
species on the surface of the steel after exposure tests.
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Figure 1. (a) Potentiodynamic polarization curves after 20 hours for 1.2 cm
diameter steel immersed in CO2-saturated 0.01 M NaCl solution at room
temperature and with initial rare earth 4-hydroxycinnamate compound con-
centrations from 0.00 to 0.63 mM and (b) Corrosion rate of steel measured
from potentiodynamic polarization in CO2-saturated 0.01 M NaCl solution
containing REM(4OHCin)3 compounds.
Results and Discussion
Fig. 1a shows the potentiodynamic polarization curves of steel in
CO2 saturated 0.01 M NaCl solution at room temperature, without
and with REM(4OHCin)3. Addition of REM(4OHCin)3 led to signifi-
cantly lower corrosion current densities (icorr), as quantified in Table I.
The most effective inhibitor was Pr(4OHCin)3, which decreased icorr
from 65.9 μA/cm2 to 4.1μA/cm2 in Table I. Fig. 1a shows that the in-
hibition was predominantly anodic, with the corrosion potential (Ecorr)
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Table I. Summary of current density icorr (μA/cm2) values as obtained from potentiodynamic polarization measurements, showing average
and standard deviations.
icorr (μA/cm2)
Concentration (mM) Inhibitor 1st 2nd 3rd Average Std dev
0.00 - 65.8 63.3 68.5 65.9 1.3
0.02 Ce(4OHCin)3 20.1 20.7 19.5 20.1 0.3
La(4OHCin)3 18.5 18.1 18.9 18.5 0.2
Pr(4OHCin)3 16.9 17.3 16.5 16.9 0.2
0.16 Ce(4OHCin)3 9.2 9.1 10.2 9.5 0.4
La(4OHCin)3 7.7 8.3 8.6 8.2 0.3
Pr(4OHCin)3 7.2 7.8 7.5 7.5 0.2
0.63 Ce(4OHCin)3 6.6 6.5 6.9 6.7 0.1
La(4OHCin)3 5.2 5.5 4.9 5.2 0.2
Pr(4OHCin)3 4.3 4.1 3.9 4.1 0.1
increasing upon inhibitor addition, and a reduction in the anodic cur-
rent densities at all potentials above Ecorr. The data also indicate a
significant effect on the cathodic process, with the cathodic current
density also decreasing and the cathodic reaction no longer seeming
to be diffusion limited. Therefore, the REM(4OHCin)3 compounds
display mixed inhibition behavior.
The corrosion rate can be inferred from the corrosion current den-
sity, based on Faraday’s law:36,37
Corrosion rate (mm/y) = 3.27 × 10
5 × icorr × E .W.
D
where 3.27 × 105 is a unit conversion factor, icorr is the corrosion cur-
rent density (A/m2), E.W. is the equivalent weight (kg) and D is the
density (kg/m2). The icorr values were calculated using Tafel extrapo-
lation. Fig. 1b presents the histogram of the corrosion rates for steel in
0.01 M NaCl solutions containing REM(4OHCin)3 compounds and
purged with CO2 gas at room temperature; the most efficient inhibition
was observed with 0.63 mM Pr(4OHCin)3.
Surface film formation was postulated to be a main mechanism of
corrosion inhibition by rare earth-organic compounds. SEM micro-
graphs shown in Fig. 2 indicate that the steel surface was severely
corroded in CO2-saturated 0.01 M NaCl solution without inhibitor
after 20 hours immersion at room temperature, whereas less corrosion
was observed after 20 hours when REM(4OHCin)3 compounds were
added, as shown in Fig. 3. Furthermore, it can be seen that only limited
attack occurs on the ferrous regions with increased concentration of
REM(4OHCin)3.
XPS of the steel surface after immersion in CO2-saturated 0.01 M
NaCl solution without and with 0.63 mM REM(4OHCin)3 are shown
in Fig. 4. These data indicate the surface film is composed of a mixture
of iron products such as Fe3O4, Fe2O3, FeO, FeCO3, and FeOOH,
which give rise to peaks at 710 and 724 eV. Carbon contamination (C,
C-C, C=C) is observed at 284.6 eV, and carbon-oxygen bonds are also
present (-C-O single bond at 285.7 eV, -C=O double bond at 288.2
eV, and a combination (O-C=O) of the single and double bonds at
289.3 eV), presumably from a mixture of REM2O3, REM(OH)3 and
REM-O-C products.38–47 The XPS results also showed strong satellite
peaks and no Fe plasmon in the uninhibited specimen, compared with
less intense satellite peaks and the presence of a new Fe plasmon in the
inhibited case. These observations could be attributed to the formation
of a surface film on the majority of the surface in the inhibited system.
Furthermore, a negligible decrease was observed for the Fe peaks,
while significant increase of C 1s peaks and new REM 3d peaks were
observed in the presence of 0.63 mM REM(4OHCin)3. In addition,
the O 1s spectra were composed of three peaks corresponding to the
signals from oxygen in the oxide at 529.81 eV, oxygen in the hydroxyl
groups at 531.43 and 532.98 eV.45–47
Fig. 5 presents the EIS data for the steel samples immersed in
solutions without and with 0.63 mM inhibitor additions. In the ab-
sence of inhibitor and in CO2 media, the typical impedance diagram
consists of a large capacitive loop at high frequency followed by a
less defined inductive loop at low frequencies.48 The depressed na-
ture of the semicircle in the Nyquist diagram shown in Figure 5a is
attributed to the heterogeneity of the surface, which is believed to be
caused by the difference in surface roughness.49–51 The phase angle
for the uninhibited specimen is very low (less than 15◦) indicating the
absence of a protective surface film, which is consistent with a high
(a)
(b)
Figure 2. SEM images of steel surface after 20 hour in CO2-saturated 0.01 M
NaCl solution without inhibitor addition at room temperature (a) low and
(b) high magnification.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.184.132.73Downloaded on 2014-12-08 to IP 
C530 Journal of The Electrochemical Society, 161 (12) C527-C534 (2014)
0.02 mM
0.16 mM
0.63 mM
REM(4OHCin)3 (a) (b) (c)
Figure 3. SEM images of steel specimens
after 20 hour immersed in CO2-saturated
0.01 M NaCl solution containing 0.02,
0.16 or 0.63 mM of (a) Ce(4OHCin)3,
(b) La(4OHCin)3, or (c) Pr(4OHCin)3 at room
temperature.
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Figure 4. (a) XPS survey scan spectra, show-
ing the effect of inhibitor on the steel surface;
and region scan spectra for (b) Fe 2p, (c) C
1s, (d) REM 3d and (e) O 1s on inhibited and
non-inhibited steels. The system contained
0.01 M NaCl without and with 0.63 mM
Ce(4OHCin)3, 0.63 mM La(4OHCin)3, or
0.63 mM Pr(4OHCin) and was purged with
CO2.
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Figure 5. Nyquist for steel in: (a) CO2-saturated 0.01 M NaCl solution and CO2-saturated 0.01 M NaCl solutions containing 0.63 mM of (b) Ce(4OHCin)3,
(c) La(4OHCin)3, or (d) Pr(4OHCin)3.
corrosion rate. In contrast, the phase angle increased rapidly when
REM(4OHCin)3 inhibitors were added to the system, approaching
70◦ in the case of the Pr(4OHCin)3 inhibitor. The phase angle also
increases dramatically with increased exposure time, most likely in-
dicating the development of an increasingly more capacitive surface
(a)
CPE
Rs
Rp
(b)
Figure 6. Proposed equivalent circuit for fitting the impedance data: (a) With-
out and (b) With inhibitor additions.38–40
film. In addition, the impedance data for the inhibited systems also
show a dramatic increase in impedance with time. In these plots, the
highest frequency data detect local bulk electrolyte behavior whereas
the medium and low frequency data are related to the properties of the
surface film and charge transfer processes at the metal/film interface,
respectively.39–41
To simulate the data using an equivalent circuit, we need to con-
strain the model using physical, chemical and electrochemical pro-
cesses determined from the surface analysis data described above.
The suggested equivalent circuits for this situation are given in Fig. 6.
Fig. 6a represents the equivalent circuit for uninhibited system,
whereas the inhibited system is described through the equivalent cir-
cuit in Fig. 6b. Rs represents the solution resistance, Rp represents the
polarization resistance, CPE the constant phase element of the double
layer, and L and RL the inductance and associated resistance. The
Zsimpwin program was used to fit the EIS data to determine the opti-
mized values for the polarization resistance. Figs. 7 shows the variation
of the polarization resistances with immersion time. The polarization
resistance values strongly increased with time and REM(4OHCin)3
concentration. Pr(4OHCin)3 inhibitor gave the highest values of Rp,
indicating that this compound is the most effective inhibitor of those
studied here. However, all REM(4OHCin)3 compounds worked ex-
ceptionally well as inhibitors of CO2 corrosion.
To study the inhibition mechanism in more detail, the steel surface
was examined using SEM/EDX after only 1-hour immersion in CO2-
saturated 0.01 M NaCl solution without inhibitor (Fig. 8). This showed
that there are inclusions present, consisting of Si, Cu, Al and Cr,
within the steel structure. Fig. 9 shows the SEM/EDX results for
the steel specimens after 20 h immersion in CO2-saturated 0.01 M
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.184.132.73Downloaded on 2014-12-08 to IP 
C532 Journal of The Electrochemical Society, 161 (12) C527-C534 (2014)
0 3 6 9 12 15 18 21
0.0
0.6
1.2
1.8
2.4
3.0
3.6
 Without inhibitor
 Ce(4OHCin)3
La(4OHCin)3
Pr(4OHCin)3
Time (hr)
(a)
0 3 6 9 12 15 18 21
0
1
2
3
4
5
 Without inhibitor
 Ce(4OHCin)3
La(4OHCin)3
Pr(4OHCin)3
Time (hr)
(b)
Figure 7. Effect of REM(4OHCin)3 inhibitor on polarization resistance of
steel as a function of elapsed time for a 1.2 cm diameter sample in
CO2-saturated 0.01 M NaCl solution at room temperature and with initial
REM(4OHCin)3 concentrations of (a) 0.02, (b) 0.16, (c) or 0.63 mM.
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Figure 9. SEM/EDX of steel after 20 hours immersion in CO2-saturated
0.01 M NaCl solution containing 0.63 mM of (a) Ce(4OHCin)3, (b)
La(4OHCin)3 or (c) Pr(4OHCin)3.
NaCl solution containing 0.63 mM REM(4OHCin)3. Enrichment of
carbon and REM-containing products was observed on the precipitate
particles on the steel surface, as shown in spectrum 1 of Fig. 9. This
indicates that the deposition of the inhibitor is preferential at these
inclusions (most likely due to higher corrosion activity at these sites).
Interestingly, the Si, Cu, Al and Cr-containing impurities were again
confirmed and observed on the steel surface after the precipitates were
removed, as shown in Fig. 10.
We can now begin to correlate the electrochemical data with
the surface characterization. The potentiodynamic polarization re-
sults displayed mixed inhibition behavior in the presence of
REM(4OHCin)3 compounds and the EIS data suggested the evolu-
tion of a protective surface film, as seen by the increase of Rfilm
and Rct. When this information is combined with the SEM/EDX,
which showed the presence of a film as well as deposits of inhibitor-
rich precipitates that are associated with the Si-, Cu-, Al- and Cr-
containing particles in the steel, it is plausible to consider the follow-
ing inhibition mechanism for steel in CO2-saturated NaCl solutions.
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Figure 8. SEM/EDX of steel after 1 hour immersion in CO2-saturated 0.01 M NaCl solution without inhibitor.
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Figure 10. SEM/EDX of steel after 20 hours immersion in CO2-saturated 0.01 M NaCl solution containing 0.63 mM Pr(4OHCin)3 and removal of the white
particles.
Corrosion initiates at the inclusions which are significantly more re-
active than the steel matrix. This leads to selective deposition of
protective inhibitive particles, shutting down the electrochemistry in
these active locations on the steel surface - this would most likely
account for the improved anodic inhibition. In addition, a thinner sur-
face film deposits on the entire steel substrate, as suggested by the
EIS, XPS and SEM experiments, would account for a reduction in the
cathodic kinetics (in contrast to the predominantly anodic inhibition
seen in naturally-aerated systems and the addition of REM(4OHCin)3
led to the formation of a continuous protective film on the steel
surface).26 The influence of inhibitor concentration is also consis-
tent with this suggested mechanism, as the electrochemical results
indicated improved performance, likely arising from better surface
coverage with increasing amount of inhibitor. Pr(4OHCin)3 appears
to be the most efficient inhibitor under these conditions, showing the
highest inhibition performance. This also correlated with the highest
density and largest size of precipitate particles formed on the steel
surface.
Conclusions
Rare earth 4-hydroxycinnamate compounds including —
Ce(4OHCin)3, La(4OHCin)3 and Pr(4OHCin)3 — are able to in-
hibit carbon dioxide corrosion of steel in CO2-saturated sodium chlo-
ride solution. Inhibition efficiency was found to increase in the order
Ce(4OHCin)3 < La(4OHCin)3 < Pr(4OHCin)3 and with increase in
inhibitor concentration. Potentiodynamic polarization results suggest
that REM(4OHCin)3 provided mixed inhibition of steel corrosion in
CO2-saturated sodium chloride solution. REM(4OHCin)3 inhibitors
produced a reduction in icorr from 65.9 μA/cm2 to 4.1 μA/cm2, and
high polarization resistances (Rp), indicating excellent inhibition per-
formance in CO2-saturated sodium chloride solutions. SEM/EDX,
ATR-FTIR, and XPS analysis of steel surfaces, after exposure to
inhibitor-containing solutions, revealed progressive, selective depo-
sition of protective inhibitive particles that shut down the corrosion
reactions around the active inclusions on the steel surface, in addi-
tion to a thinner surface film deposit on the surface, thereby signif-
icantly improving the corrosion resistance of the steel under these
conditions.
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